It is generally accepted that growth of eutectic silicon in aluminium-silicon alloys occurs by a twin plane re-entrant edge (TPRE) mechanism. It has been proposed that modification of eutectic silicon by trace additions occurs due to a massive increase in the twin density caused by atomic effects at the growth interface. In this study, eutectic microstructures and silicon twin densities in samples modified by elemental additions of barium (Ba), calcium (Ca), yttrium (Y) and ytterbium (Yb) (elements chosen due to a near-ideal atomic radii for twinning) in an A356.0 alloy have been determined by optical microscopy, thermal analysis, X-ray diffractometry (XRD) and transmission electron microscopy (TEM). Addition of barium or calcium caused the silicon structure to transform to a fine fibrous morphology, while the addition of yttrium or ytterbium resulted in a refined plate-like eutectic structure. Twin densities in all modified samples are higher than in unmodified alloys, and there are no significant differences between fine fibrous modification (by Ba and Ca) and refined plate-like modification (by Y and Yb). The twin density in all modified samples is less than expected based on the predictions by the impurity induced twining model. Based on these results it is difficult to explain the modification with Ba, Ca, Y and Yb by altered twin densities alone.
Introduction
Modification of the Al-Si eutectic from a flake-like to a fine fibrous silicon structure can be achieved in two ways; by addition of certain elements (chemical modification) or with a rapid cooling rate (quench modification). Several elements are known to cause chemical modification. The most common elements used in industry today are Sr and Na, 1) which change the silicon morphology from coarse and platelike to fine and fibrous, and Sb which causes a refinement in the plate-like silicon structure. Addition of other alkali, alkaline earth and rare earth metals have also been reported to cause modification, although very limited data are available in the literature. [2] [3] [4] An accepted theory to explain the mechanism of twinning of silicon in modified alloys suggests that atoms of the modifier are absorbed onto the growth steps of the silicon solid-liquid interface. Consistent with the impurity induced twinning model, a growth twin is created at the interface when the atomic radius of the element relative to silicon (r=r Si ) exceeds 1.65.
3) Elements including Na, Sr, Sb, Ba, Ca, Y, Yb and other rare earth metals have been reported to cause eutectic modification, and all these elements have an atomic radius ratio close to 1.65. 2, 3, 5) Even though the impurity induced twining theory has been well accepted, there are still some questions or contradictions that remain, i.e.;
(1) Fine fibrous structures obtained by chemical modification contain significant numbers of twins, however, fine fibrous silicon obtained by quench modification, otherwise identical in appearance, is relatively twin free. 6) This indicates the importance of cooling rate together with the role of impurity elements. (2) Inconsistent with the impurity induced twinning theory, it is known that sodium with a less than ideal radius for eutectic modification (r=r Si ¼ 1:59) is a better modifier than calcium (r=r Si ¼ 1:68) or ytterbium (r=r Si ¼ 1:66), which are very close to the ideal radius ratio of 1.65. There is no mechanism to explain the difference between the theoretical best radius vs. practical best radius of modifier elements. (3) The impurity twining theory does not help explain the phenomenon of over-modification, which is a wellknown consequence of having excessive amount of the modifier element sodium in the melt. (4) There is no consistent relationship between atomic radius of the modifier element and the eutectic solidification mode (related to the porosity formation and distribution).
7)
Recent papers discussing the twin probability and TEM crystal morphology of eutectic silicon in alloys modified by misch metal (mixture of Lanthanum, Cerium, Praseodymium and Neodymium) 2, 8) concluded that misch metal additions resulted in only a limited increase in the silicon twin density. This is despite reports of misch metal being an effective modifier.
3) The aim of the present paper was to investigate the effects of Ba, Ca, Y and Yb on the eutectic microstructure in an A356.0 alloy (Al-7 mass%Si-Mg) and to evaluate the relationship between modification and silicon twin density.
Experimental
The base alloy used in the experiments was an A356.0 alloy (Al-7 mass%Si-Mg) with the composition given in Table 1 .
The base alloy was melted in a clay-graphite crucible and held at a temperature of 730 C. Four different elements were added systematically at different levels to the alloy, each addition level being produced by addition to a new batch of base alloy. The elements were barium (Ba), calcium (Ca), yttrium (Y) and ytterbium (Yb). All elements were added in elemental form, wrapped in aluminium foil. The castings were produced by filling cylindrical graphite cups (outer diameter 50 mm, height 50 mm and a uniform wall thickness of 10 mm), preheated to 800 C, by carefully immersing them below the surface of the melt. The cups were placed on top of a 10 mm thick insulating plate and a similar plate was also put onto the top of the cups to ensure radial heat flow. Solidification was monitored with the use of a type-K thermocouple. The cooling rate just prior to nucleation of the primary aluminium phase was about 1 C/s. After solidification, the castings were sectioned mid-way from the bottom of the cylinder. The samples were prepared by standard metallographic techniques and investigated in an optical microscope. Chemical analysis was performed by inductively coupled plasma spectroscopy. Details about casting procedures, methods of thermal analysis and metallographic procedures can be found elsewhere. 5) XRD and TEM were used for twin density measurements. The twin probability, , can be obtained by the equation
is a constant and Á2 ð220{311Þ is the measured peak separation between (220) and (311) reflections obtained by X-ray diffractometry.
2)
Monochromated Cu-K was used to obtain XRD spectra from extracted eutectic Si particles at 30 kV and 25 mA. Diffraction peaks from eutectic Si was scanned between 45
and 80 with a scanning rate of 0.25 per min and an angular interval of 0.02
. Samples for XRD were taken from all metallographic samples. The detailed XRD procedure was as reported by Chang and Ko.
2) Sample preparation for TEM was by ion-milling with a 5 kV Ar ion followed by dimple grinding. TEM samples were prepared from the least and most modified samples for each of the series of castings produced with Ba, Ca, Y and Yb. Figure 1 shows the eutectic microstructure of the (a) unmodified, (b) 1010 ppm Ba, (c) 210 ppm Ca, (d) 700 ppm Y and (e) 6300 ppm Yb samples, respectively. The samples (b) to (e) represent the best modified samples for each casting series. 5) A coarse plate-like structure can be observed in the unmodified sample (a), typical for aluminium-silicon alloys without any eutectic modification. No significant variation in microstructure was observed across the sample. Figure 1(b) shows the eutectic microstructure for 890 ppm barium addition with a fully modified fine fibrous eutectic structure. The sample modified with 210 ppm Ca in Fig. 1(c) also has a eutectic structure that is nearly completely fibrous. On the other hand, a refined plate-like silicon structure is observed at 700 ppm Y in Fig. 1(d) . A modified fine plate-like structure is observed across the whole sample at 6300 ppm Yb, Fig. 1(e) . It is worth noting that all of the above samples with either fibrous or refined plate-like silicon had a 5 to 7 degree depression of the eutectic growth temperature compared to that of the unmodified alloy. 5) There is no significant difference in the eutectic growth temperature between fibrous and refined plate-like silicon samples. Table 2 summarises the data of measured X-ray diffraction angles of silicon (220) and (311), peak separation of 220-311 pairs, twin probability and average twin spacing of unmodified, Ba, Ca, Y and Yb modified samples. Data reported for unmodified, 1 and 2% rare earth (in the form of mischmetal) and Sr modified samples by Chang and Ko 2) are also included in the table for comparison. The average twin spacing, , was obtained by the equation: a ¼ 2df111g=, where a is the twinning probability and df111g is the ratio of {111} interplanar spacings (df111g ¼ 0:32355 nm).
Results and Discussion
6) The average twin spacing in all modified samples was between 53 to 211 nm. The average twin spacing of unmodified, Sr and Na modified eutectic Si have previously been reported as 400-1,000, 30-100 and 10-20 nm, respectively. 6) In contrast to these values and the data of Chang & Ko for a Sr modified alloy (showing only 26 nm for average twin spacing), the results for Ba, Ca, Y and Yb modification clearly indicate that the twin density is significantly lower than that of Sr modified alloys. In addition there are no significant differences in the twin density caused by modifier elements despite the microstructures being significantly different, showing both fibrous (Ba and Ca) and fine plate-like (Y and Yb) silicon morphologies. These results indicate that modification by these elements can not be explained only by an increased density of twinning of the silicon phase. Even though the ratio of atomic radius for all these elements and silicon, r=r Si , is theoretically favourable (about 1.65) and samples show varying degrees of modification, they show no clear relationship between twin density and silicon morphology. In other words, modification can be achieved at twin densities much lower than previously reported, even in the absence of rapid cooling. TEM analysis of twinning was conducted on the samples with the best modification level for each elemental addition series (same samples as shown in Fig. 1) . Figure 2 shows representative TEM bright-field images of (a) unmodified, (b) 1010 ppm Ba, (c) 210 ppm Ca, (d) 700 ppm Y and (e) 6300 ppm Yb samples. More than ten bright field images and corresponding electron diffraction patterns have been taken for each sample. Figure 1(a) shows no twining in an unmodified sample. A low magnification electron backscatter diffraction (EBSD) study of unmodified eutectic silicon reported by the authors 9) supports these results, showing low densities of silicon twinning.
Twinned silicon can be observed with twin spacing of about 200 to 500 nm in (b) 1010 ppm Ba, (d) 700 ppm Y and (e) 6300 ppm Yb samples in Fig. 2 . These twin densities seem to be too low to influence eutectic silicon growth based on the impurity induced TPRE theory.
Extensive studies to understand the eutectic growth in AlSi alloys have been carried out by different research groups, e.g. Hogan, 10) Lu and Hellawell 3, 6) and Dahle. 7, 11) Lu and Hellawell have documented the importance of twinning in the growth of silicon and observed that the modified eutectic contains more twinned silicon and has a rough microfaceted surface. When an Al-Si eutectic solidifies, it has been shown that modifying elements become concentrated in the silicon phase rather than in the aluminium. Silicon is a semi-metal and solidifies in a faceted manner. An unmodified silicon crystal grows preferentially in the h112i direction faced by {111} planes. Twins are easily formed in silicon crystals on the {111} plane. This occurs when a large group of atoms uniformly shift position across a twin plane in the crystal structure. A self-perpetuating groove of 141 is produced at 2, 3) have confirmed that modified silicon fibres contain more twins than unmodified silicon, and have a rough microfaceted surface.
From the TEM observation of Ba, Ca, Y and Yb modified samples, average twin spacing in all modified samples is estimated at more than 100 nm. These TEM results correspond well with the XRD data. It is notable that the twin density is not very high in these samples which is contrary to results in the literature for modified alloys. 2, 3, 6) A high density of twins is a basis for explaining the modification effect in Al-Si alloys. From these results, it is difficult to explain the modification of Ba, Ca, Y and Yb using only an impurity induced TPRE model.
The mechanism causing the difference between modification into either the fibrous or the plate-like silicon is not covered by any theory. The results have shown that Ba and Ca produce a fibrous silicon, similar to the effects caused by additions of Na or Sr, while Y and Yb cause a refined platelike silicon, similar to that obtained with Sb additions. These differences are not explained by impurity induced twinning as elements giving both types of modification fall both above and below the optimal atomic radii requirement. Furthermore, there is no significant difference in the twin density between the fibrous and plate-like silicon. Further developments of the modification mechanism may be required to account for this difference. It is likely that a more coherent theory for modification must also account for the recent discoveries of different eutectic nucleation and growth characteristics of the Al-Si eutectic. These differences cause significantly different nucleation frequencies which, in turn, will result in significant differences in eutectic growth rate.
Conclusions
The effects of the eutectic modifier elements Ba, Ca, Y or Yb in an A356.0 (Al-7 mass%Si-Mg) alloy have been investigated. The results show that all elements modify the eutectic to different degrees. Addition of Ba resulted in a very fine fibrous structure and the best modification among the elements and composition ranges studied in this work. Ca also caused modification of Si to a fine, fibrous silicon structure and the modification level increased with increasing level of Ca. Addition of Y caused modification to a wellrefined plate-like eutectic silicon structure. Yb additions modified the alloys to a well-refined plate-like eutectic silicon structure and the level of modification increased with increasing level of Yb.
All elements studied, fall within the atomic radii range expected to cause the formation of growth twins on the silicon. Twin densities in all modified samples are higher than in the unmodified alloy, however there is no significant difference between the silicon twin density in alloys displaying fine fibrous modification (by Ba and Ca) or refined plate-like modification (by Y and Yb). The density of twins in all samples investigated is considered to be too low to explain modification using the impurity induced twining model. It is suggested that a complete theory of modification also must take into account the effects of the elements on nucleation frequency and its effect on growth rate of the eutectic grains.
